The immunological synapse (IS), a dynamic and organized junction between T-cells and antigen presenting cells (APCs), is critical for initiating adaptive immunity. The actin cytoskeleton plays a major role in T-cell reorganization during IS formation, and we previously reported that transgelin-2, an actin-binding protein expressed in T-cells, stabilizes cortical F-actin, promoting T-cell activation in response to antigen stimulation. Transgelin-2 is also highly expressed in B-cells, although no specific function has been reported. In this study, we found that deficiency in transgelin-2 (TAGLN2 -/-) in B-cells had little effect on B-cell development and activation, as measured by the expression of CD69, MHC class II molecules, and CD80/86. Nevertheless, in B-cells, transgelin-2 accumulated in the IS during the interaction with T-cells. These results led us to hypothesize that transgelin-2 may also be involved in IS stability in B-cells, thereby influencing T-cell function. Notably, we found that transgelin-2 deficiency in B-cells reduced T-cell activation, as determined by the release of IL-2 and interferon-γ and the expression of CD69. Furthermore, the reduced T-cell activation was correlated with reduced B-cell-T-cell conjugate formation. Collectively, these results suggest that actin stability in B-cells during IS formation is critical for the initiation of adaptive T-cell immunity.
Introduction
Activation of T-cells requires cell-to-cell contact with antigen presenting cells (APCs) [1] . The formation of the immunological synapse (IS) at the interface between the T-cell and APC leads to a complex reorganization of surface and intracellular molecules. Signal-dependent rearrangements in the actin cytoskeleton help sustain correct temporal and spatial control of the activation process [1] . Over the last decade, the body of knowledge regarding this reorganization process has grown rapidly, adding new players and providing insight into the mechanisms of T-cell biology. The knockout/knockdown or chemical inhibition of specific actin-regulating proteins, such as Arp2/3, WASp, WAVE2, HS-1, cofilin, and L-plastin, have distinct effects on T-cell migration, activation, and proliferation [2, 3] . In contrast to T-cells, however, the functions of actin-reorganizing proteins in APCs are relatively unknown. Moreover, it remains to be elucidated whether and how actin-controlling proteins in APCs affect T-cell function.
We recently reported that transgelin-2, a 22 kDa actin-binding protein, stabilizes cortical Factin and thereby maintains the F-actin content at the IS, allowing T-cell activation following T-cell receptor (TCR) stimulation [4] . The transgelin family of actin cross-linking/gelling proteins comprises three isoforms that share 80% homology: transgelin-1 (highly expressed in smooth muscle cells [5] ), transgelin-2 (associated with various types of cancers [6, 7] ), and transgelin-3 (abundant in brain tissues [8] ). Each transgelin protein contains an N-terminal calponin homology (CH) domain and a C-terminal calponin-like module (CLIK 23 ) domain [9, 10] . The best-characterized isoform, transgelin-1, is an abundant smooth muscle-specific protein that serves as a marker of smooth muscle tissue. Transgelin-3 (also known as neuronal protein 22, NP22, or NP25) is specifically expressed in brain tissue and is upregulated in the superior frontal cortex and hippocampus in alcoholic humans and rat models of alcoholism [11, 12] . In contrast to the other members, the biology of transgelin-2 is poorly understood, but it is known to be the only isoform expressed in B-cells.
In B-cells, actin dynamics are essential for the clustering and capping of B-cell antigen receptors (BCRs) and the amplification of intracellular signaling cascades [13, 14] . They are also important for antigen uptake via BCR internalization and antigen trafficking into the late endosome [15, 16] . Thus, many actin-regulating or -controlling proteins are involved in BCRrelated signaling events. For example, Syk-dependent actin dynamics regulate endocytic trafficking and antigen processing [17] . Btk regulates BCR-mediated antigen processing and presentation by controlling the actin cytoskeleton [18] . Actin-binding protein 1 also regulates BCR signaling and antigen processing and presentation by actin cytoskeleton rearrangement [16] . Additionally, cofilin-mediated actin severing controls B-cell spreading and BCR microcluster formation [19] . Because transgelin-2 stabilizes the actin cytoskeleton by antagonizing cofilin function in T-cells [4] , we sought to determine the function of transgelin-2 in actin stability in B-cell biology.
In this study, we found that transgelin-2-knockout (TAGLN2 -/-) mice exhibit normal B-cell development, as determined by the proportions of B-cell subpopulations and the surface expression of certain markers. In addition, TAGLN2 -/-B-cells had no difference in the expression of activation makers such as CD69, MHC class II molecules, and CD80/86. However, we found that transgelin-2 in B-cells is necessary for the proper stabilization of T cell-B cell conjugates. TAGLN2 -/-B-cells could not support proper adhesion to T-cells and did not properly activate T-cells after conjugating with them. Our results suggest that actin cytoskeleton in Bcells is crucial for regulation of T-cell activation through stabilizing T-cell and B-cell conjugates. 
Materials and Methods

Reagents and antibodies
Plasmids
To generate a transgelin-2 construct, a human transgelin-2 clone coding the full-length open reading frame was purchased from ImaGenes GmbH (Germany). The human transgelin-2 was sub-cloned into the pEGFP_N1 vector and pHJ-1 vector as a lentiviral vector.
Lentiviral infection and cell transfection
To establish a stable cell line, cDNA from the pHJ-1 vector was cotransfected with the lentiviral packaging vectors into HEK293T cells (CRL-1573; ATCC) using Lipofectamine 2000 (Life Technologies). After 48 h, the supernatants were collected and used to infect Raji B-cells and Jurkat T-cells by centrifugation at 800 g for 90 min in the presence of 8 μg/ml Polybrene. Transient transfection of the LifeAct_mCherry vector into Raji B-cells and Jurkat T-cells was performed by Amaxa technology using nucleofector kit V (Lonza, Allendale, NJ).
B-cell and T-cell stimulation
Mouse B-cells were stimulated with LPS (50 μg/ml), goat anti-IgM antibody (10 μg/ml), PMA (200 nM) and ionomycin (2 μM), or IL-4 (1 μg/ml) and anti-CD40 (2 μg/ml) for the indicated times. In some cases, Raji B-cells were stimulated with 10 μg/ml LPS. For superantigen stimulation, mouse CD4 + T-cells were incubated with 5 μg/ml SEB-pulsed mouse B-cells. For OVA stimulation, CD4 + T-cells isolated from OTII mice were cultured with mouse B-cells pulsed with 10 μg/ml OVA 323-339 for the indicated times.
Western blot analysis
Cells or the homogenized brain tissue from a C57BL/6 mouse were lysed in ice-cold lysis buffer (50 mM Tris-HCl, pH 7.4, containing 150 mM NaCl, 1% Triton X-100, and one tablet of Complete protease inhibitors) for 1 h on ice. Lysates were centrifuged at 16,000 g for 30 min at 4°C, and the supernatant was eluted with SDS sample buffer (100 mM Tris-HCl, pH 6.8, 4% SDS, and 20% glycerol with bromophenol blue) and heated for 5 min. The proteins were separated through 12% SDS-PAGE gels and were transferred to a nitrocellulose membrane by means of a Trans-Blot SD semidry transfer cell (Bio-Rad, Hercules, CA). The membrane was blocked in 5% skim milk (1 h), rinsed, and incubated overnight with the intended antibodies in TBS containing 0.1% Tween 20 (TBS-T) and 3% skim milk. Excess primary antibody was then removed by washing the membrane four times in TBS-T. The membrane was then incubated with peroxidase-labeled secondary antibodies (0.1 μg/ml, anti-rabbit or anti-mouse) for 1.5 h. After three washes with TBS-T, bands were visualized by western blot (reagents from Intron Biotechnology, Korea) and exposed to X-ray film. 
Detection of cell surface proteins
Confocal microscopy and imaging analysis
GFP-Raji B-cells and transgelin-2_GFP-Raji B-cells were transiently transfected with LifeAct_mCherry by Amaxa (Lonza) and plated on coverslips (18 mm diameter; Marienfeld, Germany) coated with PLL. After 10 min of preincubation, LifeAct-positive cells were imaged in imaging medium (137 mM NaCl, 5 mM KCl, 1 mM sodium phosphate, 6 mM D-glucose, 1 mM CaCl 2 , 0.5 mM MgCl 2 , 1% BSA, and 10 mM HEPES, pH 7.3) at 37°C using a 100×, NA 1.40 oil immersion objective lens and a laser-scanning confocal microscope (FV1000; Olympus, Japan). To test for transgelin-2 and F-actin accumulation at B-cell-T-cell contact sites, SEE-loaded Raji B-cells were mixed with T-cells and preincubated in solution for 10 min. After incubation, conjugated cells were placed on PLL-coated coverslips for 10 min and imaged at 37°C. The data were obtained, processed, and analyzed by FLUOVIEW software (Olympus). For the 3D localization assay, z stacks were generated from optical sections taken at 0.2 μm intervals, and FLUOVIEW software was used for 3D image reconstruction. The fluorescence intensity profiles of TG2_GFP and LifeAct_mCherry in the cells along the line (a-b) or at the plane of contact site reconstructed by 3D imaging along the line (c-d) and Pearson's correlation coefficients (r), measuring the colocalization, were also measured and calculated using the FLUOVIEW software. Redistribution of TG2_GFP or GFP at the contact site in the B-cells or T-cells during IS formation was calculated as the ratio between the mean fluorescence intensity of GFP in the half portion of contact site (C) and opposite site (O) in the cells. At least 50 conjugates were counted in each of three independent experiments. All the data were plotted using KaleidaGraph (Synergy Software, Reading, PA).
Measuring the secretion of cytokines
Splenic CD3
+ T-cells and CD4 + T-cells isolated from C57BL/6 and OTII mice, respectively, were stimulated by B-cells as described in "B-cell and T-cell stimulation," above. After 24 h, the amount of IL-2 and IFN-γ in the supernatants was determined by ELISA with DuoSet Mouse ELISA kits (R&D Systems).
Conjugation assay
Mouse CD3 + T-cells and B-cells were stained with CellTracker Green CMFDA and Orange CMTMR, respectively (Life Technologies). B-cells were incubated with 5 μg/ml SEB or vehicle control for 30 min at 37°C, washed, and resuspended in mouse cell medium. For conjugation, equal numbers of B-cells and T-cells were mixed and incubated at 37°C for 30 min. The relative proportion of orange, green, and orange-green events in each tube was determined by twocolor flow cytometry using a FACSCanto and analyzed with FlowJo software. The number of gated events counted per sample was at least 10,000. The percentage of conjugated T-cells was determined as the number of dual-labeled (CMFDA-and CMTMR-positive) events divided by the number of CMFDA-positive T-cells. CD4 + T-cells isolated from OTII mice and OVA 323-339 peptide-loaded B-cell conjugates were also stained, incubated, and determined as described above.
Statistics
Mean values were calculated using data from three independent experiments conducted on different days. Unpaired Student's t tests and one-way analysis of variance tests were used to determine significance. Differences between groups were considered significant at p < 0.05.
Results
Transgelin-2 is expressed in B-cells
In a previous study, we found that both CD3 + T-and CD19 + B-cells express transgelin-2 [4] .
To confirm its expression in relation to the other transgelin isoforms, we performed a western blot and found that purified primary T-and B-cells, including cell lines, expressed only transgelin-2 (Fig 1) . As positive controls, the aortic smooth muscle cell line A7r5, which expresses transgelin-1, and brain tissues, which express transgelin-2 and -3, were used (Fig 1) . We next determined whether transgelin-2 expression is regulated by stimulation. We found no change in protein levels in response to the stimuli, LPS and anti-IgM antibody (Fig 1) , suggesting that transgelin-2 expression in B-cells is not altered by extrinsic factors.
Transgelin-2 knockout (TAGLN2 -/-) does not significantly affect B-cell development
We previously found that transgelin-2 deficiency does not change the sizes of the primary and secondary lymphoid organs [4] . To test whether transgelin-2 knockout affects B-cell immunity, we investigated the B-cell subpopulations and surface expression of B-cell markers. The absence of transgelin-2 expression was confirmed by western blot analysis (Fig 2) . The normal proportions of B-cell subpopulations were observed in the BM and spleen of TAGLN -/-mice (Fig 2) .
Transgelin-2 knockout had little effect on B-cell functions
We next tested whether transgelin-2 knockout affects the function of B-cells. CD69 is a transmembrane C-type lectin protein that is induced by the activation of lymphocytes [20] . MHC class II is expressed on professional APCs and supports CD4 + T-cell activation by displaying antigens [21, 22] . CD80 and CD86 are expressed on APCs and bind CD28, stimulating T-cell activation [23] . The upregulation of these molecules is a hallmark of B-cell activation, and we measured their expression after B-cell stimulation (wild-type and transgelin-2-knockout Bcells) with various stimuli including anti-IgM, PMA plus ionomycin, and LPS plus anti-CD40. However, no significant changes in surface expression were detected by flow cytometry in transgelin-2-knockout B-cells as compared with the wild type (Fig 3) , suggesting that transgelin-2 has little effect on B-cell activation.
Transgelin-2 in B-cells accumulates at the IS
We previously demonstrated that transgelin-2 localizes to the distal region of the IS (distalsupramolecular activation cluster, d-SMAC) in T-cells [4] . In this study, we determined the location of transgelin-2 in B-cells before and after IS formation. Transgelin-2 was colocalized with the F-actin-rich region in B-cells, as determined by imaging transgelin-2_GFP (TG2_GFP) (Fig 4) . In addition, TG2_GFP moved to the contact region after IS formation (Fig  4) . However, the accumulation pattern of transgelin-2 in B-cells was different from that of transgelin-2 in T-cells (Fig 4) . In B-cells, transgelin-2 accumulated in the actin-rich filopodia, which point towards the T-cell, at the contact site. Taken together, these data suggest that transgelin-2 in B-cells is involved in the stabilization of F-actin and is necessary for capturing T-cells in order to make a stable IS.
Transgelin-2 in B-cells affects T-cell function
The fact that transgelin-2 in B-ells accumulated at the IS led us to ask whether it could influence T-cell function by stabilizing T-cell-B-cell adhesion. Incubation of TAGLN2 +/+ T-cells with TAGLN2 -/-B-cells in the presence of the superantigen SEB decreased T-cell activation relative to that of wild-type B-cells, as determined by cytokine production (mIFN-γ and mIL-2) and CD69 expression, whereas there was no effect on CD69 expression in B-cells (Fig 5) . To corroborate the results of the superantigen, we determined the effect of transgelin-2 deficiency in B-cells utilizing T-cells from a transgenic mouse line (OTII) that reacts to ovalbumin (323-339). TAGLN2 -/-B-cells also reduced the mIFN-γ and mIL-2 production in OVA-specific OTII T-cells (Fig 6) . 
Transgelin-2 in B-cells participates in enhanced T-cell-B-cell conjugate formation
To investigate whether the reduced T-cell activation of wild-type T-cells incubated with TAGLN2 -/-B-cells was due to less efficient adhesion between the two cell types, a conjugation assay was performed. Although the percentage of conjugates was less in the preparations with transgelin-2-knockout T-cells, transgelin-2-knockout B-cells also reduced both SEB and OVAmediated T-cell-B-cell conjugate formation (Fig 7) . These results unambiguously indicate that transgelin-2 in B-cells is important for the stabilization of the IS between T-cells and B-cells, and therefore important for T-cell activation.
Discussion
Transgelin-2 is an actin-binding and actin-stabilizing protein that is highly expressed in both T-cells and B-cells. We previously demonstrated that transgelin-2 in T-cells stabilizes F-actin at the IS, thereby enhancing T-cell activation and effector functions [4] . However, no further work has been reported regarding the function of transgelin-2 in B-cells. In this study, we investigated the function of transgelin-2 in B-cells and found that it plays a role in sustaining the IS, thereby promoting T-cell activation, rather than in B-cell function. Although transgelin-2 in T-cells is more critical for regulation of T-cell activation through actin-mediated intracellular activation signaling as well as stabilization of IS formation [4] , our findings show that transgelin-2 in B-cells also plays a certain role in the T-cell immunity. Northern blot analysis using adult murine tissues revealed that SM22β (TAGLN2) is weakly expressed in the spleen and thymus [24] . However, gene expression profiling on human adult tissues demonstrated that TAGLN2 is predominantly expressed in the human spleen [4] . Previous northern blot analyses of various cell lines demonstrated that EL-4, a mouse T-cell line, also expresses TAGLN2 [24] . In addition, TAGLN2 is expressed in lymphocytes, including B-1 cells [25] , which is consistent with our results. Together, this indicates that transgelin-2 is mainly expressed in immune tissues and cells. However, transgelin-2 was not specifically upor downregulated during B-cell activation, suggesting that transgelin-2 is not likely involved in B-cell responses. Nevertheless, the accumulation at the IS suggests that transgelin-2 controls the IS in B-cells, much like it does in T-cells. (left table) . After 24 h of incubation, the levels of mIFN-γ and mIL-2 were measured using ELISA. Graph depicts cumulative data from three independent experiments with each dot representing an individual mouse (n = 9); bars represent means of all data. * p < 0.05 compared with B-cells from TAGLN2 +/+ .
doi:10.1371/journal.pone.0156429.g006
TAGLN2 in B Cells Regulates T Cell Activation The d-SMAC is a peripheral, radial lamellipodium that contains tyrosine phosphatase CD45, dynamic actin, and actin-regulating proteins such as the Arp2/3 complex and cofilin [3, 26] . The functions of the d-SMAC in T-cells are relatively well characterized, and it appears to be critical for sustained signaling by allowing the formation of small TCR clusters [27] . However, it is relatively unclear whether APCs also form a typical d-SMAC and whether it works similarly as in T-cells. In addition, molecules in the IS of APCs are not well characterized. Interestingly, there are reports describing that cytoskeleton in dendritic cells has an important role for IS formation and activation of resting T-cells [28, 29] , demonstrating that actin cytoskeletons are also important for APC side. However, the authors did not address whether APC forms a typical d-SMAC as seen in T-cell side. Our current work unambiguously demonstrates that B-cells do not form a typical d-SMAC during IS formation. Instead, actin and actin regulating protein-transgelin-2-are accumulated in the filopodia, which point towards the T-cell, at the contact site. We therefore suggest that this structure is important for the stabilization of IS as knockout of transgelin-2 significantly reduced T-cell-B-cell conjugate formation. Moreover, we also considered a potential role of transgelin-2 in B-cells for the effective presentation of antigens to T-cells. In this regard, we are currently investigating whether transgelin-2 influences dendritic cell functions in terms of antigen presentation.
During IS formation, activation of CD40 on B-cells by ligation with CD40L on T-cells has an important role for T-cell-dependent B-cell activation [30] . Actin is involved in many different cellular processes that are essential for cell growth, differentiation, division, membrane organization, and motility. Mutations or deficiencies in actinregulating genes encoding WASp, cofilin, actinin, and Vav proteins cause various human diseases [31] [32] [33] [34] . Disruption of transgelin-1 promotes inflammation after arterial injury via NF-κB activity [35] , and transgelin-1 modulates the phenotype of vascular smooth muscle cells during atherogenesis [36] . Transgelin-1 is also associated with the suppression of cancer metastasis and tumor development [10] . By contrast, transgelin-2 is upregulated in certain tumors [37] and may be involved in tumor development [37] . However, none of the transgelin family members have been reported to be associated with inflammatory diseases. High expression of transgelin-2 in T-cells and B-cells suggests that this small actin-stabilizing protein is involved in immune diseases. Thus, transgelin-2 could be a potential therapeutic target for certain immune disorders including inflammation, hypersensitivity, rheumatoid arthritis, and experimental allergic encephalomyelitis. The current result may also be relevant in the field of T cell immunotherapy. For example, most T cell immunotherapies are focused on controlling T cell functions, which include chimeric antigen receptors [38] [39] [40] , TCR transgenes [41, 42] , signaling domains [43] , and chemokine receptors [44] [45] [46] . Enhancing IS stability by controlling the actin cytoskeletons of APCs may be another goal for T cell immunotherapy.
Proteins that bind the sides of filaments to stabilize F-actin are also involved in actin dynamics. For example, epithelial protein lost in neoplasm (EPLIN) inhibits the branching nucleation of actin filaments through the Arp2/3 complex and promotes the formation of stable actin filament structures such as stress fibers [47] . Bacterial protein SipA, which is required for the efficient entry of Salmonella typhimurium into host cells, also stabilizes F-actin [48] . SipA induces extensive polymerization under low-salt conditions, where spontaneous nucleation and polymerization do not occur [49, 50] . A striking observation is that, like SipA protein, transgelin family members can extensively polymerize G-actin (data not shown), suggesting that transgelin may have another function in addition to stabilizing F-actin. In this regard, we recently found that transgelin-2 is over-induced in response to LPS in macrophages and that transgelin-2-deficient macrophages have reduced ruffle formation (data not shown). As membrane ruffling in macrophages is important for their phagocytic activity, we are currently investigating whether transgelin-2 is also involved in macrophage function, especially phagocytosis.
In summary, we found that the function of transgelin-2 in B-cells at first appears insignificant when compared with that in T-cells. Nevertheless, a deficiency of transgelin-2 in B-cells resulted in attenuated T-cell function. Although the mechanism by which transgelin-2 in Bcells supports T-cell function needs further study, stabilizing the IS could be a critical mechanism for T-cell function. Future studies with in vivo models using intra-vital or multiphoton microscopy will be needed to corroborate our in vitro results.
